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(54) Method of producing a ferroelectric memory and memory device 



(57) The present invention refers to a method of pro- 
ducing a ferroelectric memory which method comprises: 

a) providing ferroelectric particles, 

b) providing a substrate, 

c) orientating at least a subset of said ferroelectric 
particles such that there is an axis of said particles 
along which axis a dipole moment may be directed 



in' the ferroelectric state, said axis having an orien- 
tation the average of which is in at least one prede- 
tennined direction with regard to a surface of said 
substrate, 

d) allowing said ferroelectric particles to attach to 
said substrate, 

and to a method of storing information on a substrate, 
and to a memory device. 
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Description 

[0001 ] The present Invention refers to a method of producing a ferroelectric memory, a method of storing Information 
on a substrate and to a memory device. 

5 [0002] The storage of information is becoming increasingly important with the advent of larger datasets. Computer 
programs and algorithms have become more complex and larger, and therefore the demand for an optimization of 
storage space has grown, aiming at a miniaturization of the individual unit in which the information is to be stored. 
Conventional storage methods rely for example on optically or magnetically readable/writeable media which, however, 
have certain limitations with respect to the minimum size possible. 

10 [0003] Electronic computers have grown more powerful as their basic sub-unit, the transistor, has shrunk during the 
past forty years. However, limitations imposed by quantum mechanics and fabrication techniques are likely to inhibit 
further reduction in the minimum size of today's bulk-effect semiconductor transistors. It is projected that conventional 
devices may not function well as the overall size of the semiconductor transistor is aggressively miniaturized to below 
approximately 0.1 micrometers (100 nm). In order to continue the miniaturization of the circuit elements down to the 

15 nanometer scale, perhaps even to the molecular scale, researchers are investigating several alternatives to the tran- 
sistor. These new nanometer-scale electronic (nanoelectronic) devices perform both as switches and amplifiers just 
like today's transistors. However, unlike today's transistors, which operate based on the movement of masses of elec- 
trons in bulk matter, the new devices take advantage of quantum mechanical phenomena that emerge on the nanometer 
scale, including the discreteness of electrons. 

20 [0004] A group of materials that have been found to be potentially useful for information storage are ferroelectric 
materials. Just like with ferromagnetic materials, used for example in conventional audio tapes, ferroelectric materials 
display a hysteresis behavior with regards to their electrical polarization underthe influenceof an external electrical field. 
[0005] Ferroelectric materials are a subgroup of noncentrosymmetric crystalline materials that have a spontaneous 
electrical polarization, the direction of which can be altered by an external electrical field. The polarization P versus 

25 applied electrical field E dependency shows hysteresis behavior, with P having two stable remanent values (+9^ and 
-Pr) when E = 0. The (reverse) electrical fields that must be applied to annihilate the existing polarization (P = 0) are 
termed the coercive fields (+Ec and -E^). The temn "ferroelectric" was coined because the P-E relation of these materials 
is very similar to the B-H relation of ferromagnetic materials. This hysteresis behavior is the basis of the use of both 
kinds of materials in memory devices. Ferroelectrics are also analogous to ferromagnets in that they are characterized 

30 by a Curie temperature T^ (above which they become paraelectrical) and that they have an internal domain structure. 
[0006] The hysteresis loop, shown in fig. 1 , is caused by the existence of permanent electrical dipoles. The curve 
starts at the origin (P = O) when the material is first produced because the fen^oelectric domains are randomly oriented. 
When the external field is applied, the ions become displaced in the direction of the field, and domains that are 
more favorably aligned with the field grow at the expense of those that are not. This procession results in a rapid and 

35 major polarizing effect until a saturation level P^ (= saturation polarization) is reached, when the polarization vector of 
most of the domains are aligned with the field (dashed curve in Figure 1). Removal of the field at this point eliminates 
any normal ionic polarization, but the 8^+ Ions remain in their field-oriented sites, and a remanent polarization +Pf is 
observed at E = O. In order to remove this polarization, it is necessary to apply an opposing field to revert half of the 
domains to favor the new field direction. That condition occurs when the opposing field reaches the material-specific 

40 coercive field -E^. Continuation of the field cycle inverts the polarization to another saturation level, and removal of the 
negative field leaves the remanent polarization -Pp Further cycles of the electrical field retrace the original path, creating 
a continuous hysteresis loop. The initial condition of P = O when E = O can only be again achieved by short-circuiting 
the capacitor and subjecting it to a temperature above T^ to generate a new system of random ferroelectric domains. 
[0007] Some inorganic (ceramic) ferroelectric materials have the perovskite structure, i.e. ABO3, with A = a large 

45 divalent metal cation and B = a small tetravalent metal cation. Examples include BaTiOg, PbTiOg and PhZr^Ti^.^Og 
(PZT). The structure consists of 12 coordinated A2+ ions on the corners of a cube, octahedral O^- ions on the faces, 
and tetrahedral B** ions in the center (see for example figure 2). The Curie temperature in these materials is associated 
with a structural transition from regular cubic above T^ to a distorted tetragonal form below Tc- 
[0008] The hysteresis loop typical of ferroelectrical materials is the basts for ferroelectric random access memory 

50 (FRAM) devices. As ferroelectric materials possess two stable polarization directions at zero field, they can be used 
as non-volatile memory elements. The direction of polarization is used to store information, a logical "0" corresponding 
to one direction and a logical "1" corresponding to the other direction. Generally, the device structure used in FRAM 
cells is either the ferroelectric field-effect transistor (FEFET) or the ferroelectric capacitor (FECAP). Computer memory 
devices utilizing the electrooptical properties of ferroelectric materials have also been described [Munroe. M. R.; 

55 Snaper, A. A.; Gregory. G. D. (1972) U. S. Pat. 3,675,220: "Planar random access ferroelectric computer memory." 
and Ogdfen, T R.; Gookin, D. M. (1988) U. S. Pat. 4,731 .754: "Erasable optical memory material from a fenroelectric 
polymer."]. 

[0009] Ferroelectric memory devices are generally susceptible to three fomns of degradation in performance during 
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use: 

♦ Electrical fatigue, which is defined as a decrease in the magnitude of the switchable polarization with increasing 
number of switching cycles. 

5 ♦ Imprint failure, which is a polarization-driven field-shift of the hysteresis loop. 

♦ Aging, which is an Ill-defined term generally indicating a degradation of the ferroelectric properties (capacitance 
and dielectric loss) with time. 

These phenomena apparently derive from relaxation processes occurring at crystal boundaries. Fatigue and imprint 

10 are related to charge trapping at domain boundaries. 

[0010] Recent work at the experimental level has shown that nanometer-scale polarization domains can be created 
in inorganic ferroelectric thin films using a conductive atomic force microscope (AFM). Domains as small as 30 nm 
diameter can be formed in a ferroelectric organic thin film on a conductive substrate by applying electrical pulses with 
an Au-conductive AFM tip. Binary information can be "written" by changing the polarity of the applied electrical pulses 

15 and "read" by using piezoelectrical measurements [Matsushige. K., Yamada, H.; Tanaka. H.; Horiuchi, T; Chen, X. Q. 
(1998) Nanotechnology 9, 208 - 211 : "Nanoscale control and detection of electric dipoles in organic molecules."] 
[0011] The miniaturization of electronic components by using particle technology on the nanoscale is a way to cir- 
cumvent some of the physical limits and expense of conventional methods of fabrication [Goldhaber-Gordon, D.; Mon- 
temerfo, M. S.; Love, J.C.; Opiteck, G. J.; Ellenbogen, J. C. (1 997) Overview of Nanoelectronic Devices; The MITRE 

20 Corporation (http://www.mitre.org/technology/nanotech), and Ellenbogen, J. C. (1998) A Brief Overview of Nanoelec- 
tronic Devices; The MITRE Corporation (http://www.mitre.org/technologv/nanotech).l . 

[0012] EP 0 788 149 A1 describes a method of depositing nanometre scale particles on a substrate in which Au 
particles are coated with negatively charged citrate ions, and the substrate is treated with a positively charged surfactant 
such that the opposite charges on the substrate and the Au particles are attracted to each other, and a thin film of 
25 particles is thus deposited. This structure is used as a tunnelling-gate in a transistor-like arrangement. Additionally in 

this document, a memory device is considered, based on the storage of information in the form of an excess electron. 
One bit of information according to the invention of this document corresponds to the presence or absence of one 
electron on the individual particle. 

[0013] There are various ways to synthesize crystalline particles of ferroelectric materials on the nanoscale such as 
30 BaTiOg and PbTiOs, which are known in the art. Surface modification of these particles by adsorption or covalent 
attachment makes it possible to change their Interfacial properties without changing the intrinsic properties of the core 
material. Surface modification is useful for dispersing particles, immobilizing them onto surfaces, embedding them in 
organic films, etc.. Such possibilities have already been demonstrated with ferroelectric particles. PZT particles 70 nm 
in diameter were silylated, spread as monoparticulate layers on water surfaces, and transferred to conductive glass 
35 substrates [Kotov, N. A.; Zavala, G.; Fendler, J. H. (1995) J. Phys. Chem. 99, 12375-12378: "Langmuir-Blodgett films 
prepared from ferroelectric lead zirconium titanate particles."]. These layers exhibited ferroelectric properties, as was^'' 
evidenced by polarization measurements [Kotov, N. A. et al. (1995) ibid.] 

[0014] Nevertheless, there are problems with these techniques: the ferroelectric properties of inorganic thin filnns 
(<1 0 nm) tend to disappear due to some defects of the structures and/or composition at the interface, while the polar- 
40 ization domains written into the organic thin films are not stable temporally [Matsushige, K., Yamada, H.; Tanaka. H.; 
Horiuchi, T; Chen, X. Q. (1 998) Nanotechnology 9, 208 - 211 : "Nanoscale control and detection of electric dipoles in 

organic molecules.") 

[0015] Also, today's ferroelectric memory cells rely essentially on bulk-effect behavior for their function. These de- 
vices are susceptible to degradation in performance by various relaxation processes occurring at the crystal boundaries. 
45 Although significant steps have been made toward write/read ferroelectric memory capabilities below ICQ nm, the 
approaches so far have not shown much promise for development into practical memory elements. 
[0016] Accordingly there exists a need in the art for an efficient method of storing information based on ferroelectric 
devices which do not exhibit the degradation and/or instability behavior hitherto encountered with conventional ferro- 
electric devices. 

50 [001 7] The object of the present invention is to provide a method of storing information based on ferroelectric particles, 
which method allows a miniaturization of memory devices down to the nanometer scale whilst at the same time avoiding 
instability and degradation behavior commonly encountered with ferroelectric devices. 
[0018] The object is solved by a method of producing a ferroelectric memory which method comprises: 

55 a) providing ferroelectric particles 10, 10', 

b) providing a substrate 30, 

c) orientating at least a subset of said ferroelectric particles such that there is an axis of said particles along which 
axis a dipole moment may be directed in the ferroelectric state, said axis having an orientation the average of 
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which is in at least one predetenninecl direction with regard to a surface of said substrate, 
d) allowing said ferroelectric particles to attach to said substrate. 

[0019] In one embodiment, the order of steps c) and d) may be reversed. In one embodiment, the order of steps a) 

5 and b) may be reversed. 

[0020] It Is also envisaged that said axis may have an orientation the average of which is in two or more non-identical 
predetermined directions with regard to a surface of said substrate. "The average of which" is meant to designate a 
state in which* within an ensemble of particles, the average orientation of these particles within that ensemble is the 
predetermined direction with regard to a surface of said substrate. 

10 [0021 ] In one embodiment said at least one predetermined direction is essentially perpendicular to a surface of said 
substrate. 

[0022] In another embodiment said at least one predetermined direction is at an oblique angle to a surface of said 
substrate. "Oblique" in this context is meant to signify any value x taken from the range 0° < x < 180°. Preferably x is 
taken from the range 45° < x < 1 35°. 
15 [0023] The object is also solved by a method of producing a ferroelectric memory which method comprises: 

a) providing ferroelectric particles 10, 10', 

b) providing a substrate 30, 

c) orientating the electrical dipoles 20, 20' of said ferroelectric particles such that the orientation of each dipole is 
20 essentially perpendicular to a surface of said substrate, 

d) allowing said ferroelectric particles to attach to said substrate. 

[0024] In one embodiment the order of steps a) and b) may be reversed. In one embodiment the order of steps c) 
and d) may be reversed. 

25 [0025] It is preferred that said ferroelectric particles attach to said substrate in a manner that they are separated from 
each other on said substrate. This can, for example, be achieved by chemical moieties attached to the particles, the 
moieties carrying a net charge each, which will lead to a mutual repulsion between the particles. 
[0026] In a preferred embodiment said ferroelectric particles attach to said substrate by electrostatic interactions. 
[0027] In one embodiment, said orientating occurs by electrostatic interactions. This can, for example, be achieved 

30 by chemical moieties, carrying a net charge each, which are attached to said particles, which charges cause the par- 
ticles to be orientated in a specific orientation. 

[0028] It is preferred that said substrate exhibits charges of one electrical polarity, and wherein said ferroelectric 
particles exhibit charges of the opposite electrical polarity. 

[0029] In one embodiment of the invention said charges exhibited by said substrate are generated by application of 
35 an electrical potential and optionally by adjusting a pH-value, and/or they are charged moieties appended to said 
substrate. The process of generating/changing charges on a substrate by applying an electrical potential in order to 
attract particles of opposite charge is referred to as "electrophoretic deposition", e.g. hereafter in the example section. 
[0030] In a preferred embodiment said charges exhibited by said ferroelectric particles are charged moieties ap- 
pended to said particles. 

40 [0031] It is preferred that said charged moieties are negative and comprise groups which can be represented by the 
general form XO* or XS% where X is covalently attached to O- or S" by one of its constituent atoms, said constituent 
atom being an atom selected from the second through sixteenth column and second through sixth row of the Periodic 
Table. Preferably XO is selected from the group comprising phenolate and carboxylate (a C-atom being the link to O), 
phosphate and phosphonate (a P-atom being the link to O ), sulfate and sulfonate (an S-atom being the link to O), 

45 borate (a B-atom being the link to O"), Arsenate and Arsenite (an Asatom being the link to O"). Preferably XS* is selected 
from the group comprising thiolate and dithiocarit)amate (a C-atom being the link to S ). dithiophosphate and dithio- 
phosphonate (a P-atom being the link to S~). 

[0032] In one preferred embodiment said charged moieties are positive and comprise groups which can be repre- 
sented by the general form C4P+ or C3S+, where C is a carbon atom having sp^ hybridisation, or by the general form 
50 CaNHu+, where C is a carbon atom having either sp^ or sp2 hybridisation and the sum of the coefficients a and b equals 
3 in the case of sp^ hybridisation, or 2 in the case of sp^ hybridisation. 

[0033] Positively charged moieties of the form C4P+ are known generally as "phosphonium" ions and those of the 
form C3S+ are known generally as "sulfonium" ions. Another way to express these moieties is R(PR''R2R3)+ and R 
(SRiR2)+, respectively, where R is an alkyi or aryl residue used for the appendage, and R^ R2. and R^ are alkyi or 
55 aryl groups which may be the same or different and may be connected (cyclic). For the purpose of the present invention, 
the latter groups should not be very large, and suitable examples are methyl (CH3) and ethyl (CH2CH3) groups. It 
should also be noted that the alkyI or aryl groups can themselves be substituted. For example, 2-hydroxyethyl 
(CH2CH3OH) groups might be used instead of ethyl groups to enhance the polarity. Positively charged moieties of the 
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form CgNHb"^ are known generally as "ammonium ions". The possibilities of these N-based moieties are greater because 
H can be used instead of alky! or aryl groups, but there must be at least one alkyi or aryt R group for the appendage. 
Another way to express these moieties is RNH3+ ("primary" ammonium). RNR^Hg* ("secondary" ammonium), 
RNR^R^H^ ("tertiary" ammonium), and RNR"'R2R3+ ("quaternary" ammonium) ions. As with the phosphonium and 
5 sulfonium moieties, the R"" , R2, and R^ groups may be the same or different and may be connected (cyclic). An important 
class of heterocyclic tertiary and quaternary ammonium moieties are those derived from pyridine ("pyridinium" ions). 
[0034] It is preferred that said charged moieties are appended via silylation. 
[0035] It ts also preferred that said charged moieties are appended via complexatton. 

[0036] "Complexation" here refers to a coordination complex formed at the surface of the particle involving one or 
10 more metal atoms intrinsic to the particle and the donor atoms of a ligand. 

[0037] In a preferred embodiment said charged moieties are metal complexes. 
[0038] It is preferred that said charged moieties are appended to a polymer. 

[0039] In principle, any charged polymer that can bind to the particle surface could be useful. Some groups of the 
polymer would interact with atoms on the particle surface to anchor it to the particle and the rest would provide charged 
15 moieties to interact with the solvent. In Example 6, see below, carboxylic acid groups of the poty(acrylic acid) serve 
both functions, binding to the barium titanate particle principally through the titanium atoms. There are numerous other 
kinds of polymers that could be used instead, including poly(phosphates), poly(amino acids), and poly(ethylene imine). 
[0040] In a preferred embodiment said ferroelectric particles are single-domain particles. 

[0041] It is preferred that said particles are 5 - 200 nm in size, preferably 1 0 - 150 nm, more preferably 20 - 100 nm 
20 in size, the size of each particle being determined by the longest dimension of said particle. 

[0042] Preferably said ferroelectric particles are formed by compounds selected from the group comprising mixed 
oxides containing corner sharing oxygen octahedra. 

[0043] In a preferred embodiment said ferroelectric particles are formed by compounds selected from the group 
comprising perovskite-type compounds. 
25 [0044] It is preferred that said ferroelectric particles are formed by compounds selected from the group comprising : 
tungsten-bronze type compounds. 

[0045] Preferably said ferroelectric particles are formed by compounds selected from the group comprising bismuth . 
oxide layer-structured compounds. 

[0046] In a preferred embodiment said ferroelectric particles are formed by compounds selected from the group- 
30 comprising lithium niobate or lithium tantalate. 

[0047] In one embodiment said ferroelectric particles are formed by compounds selected from the group which can 
be represented by the general form A,BjnOn, wherein 

A is selected from the group comprising Li+, Na+, K+, Ca2+, Sr2+, Ba2+, La3+ (or other rare earth metal ion), Co3+, - 
35 Cd2+, Pb2-^, and Bi3+. 

- B is selected from the group comprising Mg2-^, Ti^*-^, Zr4+, Hf*+, Nb5+, Ja^+, W5+, Mn3+, Fe3+, Ni2+, Zn2+, A|3+, Ga3-»-,^ 
Sn^+, and Sb5+, and 

I. m, and n are integral values such that the sum of positive valences contributed by the atoms in groups A and B 
equals 2n. 

40 

[0048] It is preferred that said ferroelectric particles form a layer on said substrate. 
[0049] Preferably, said layer has a thickness in the range of 5 - 200 nm. 
[0050] In one embodiment said layer has a thickness in the range of 1 0 - 150 nm. 
[0051] It is preferred that said layer is a monolayer. 
^ [0052] In one embodiment of the invention, said substrate fornns part of an electrode, said electrode being at least 
partially immersed in a suspension of said particles. 

[0053] It is preferred that said electrode forms part of an electrical cell, an electrical field being created in said electrical 
cell, said electrical field causing said substrate to exhibit charges of one polarity. 

[0054] It is preferred that an adjustment of a pH-value of said suspension is used to cause said substrate to exhibit 
50 charges of one polarity. 

[0055] It is also preferred that an adjustment of a pH-value of said suspension is used to cause said particles to 

exhibit charges of one polarity. 

[0056] In a preferred embodiment, said pH-value of said suspension is adjusted to the range of 7 - 9. 
[0057] It is preferred that, after attachment of said particles to said substrate, said particles are fixed to said substrate, 
55 preferably by means of drying and/or crosslinking and/or drying under vacuum. 

[0058] As used herein, "attachment" is meant to designate any contacting interaction. "Attachment" can, for example, 
occur by electrostatic forces, but other forces are not intended to be excluded, as used herein. If an attachment by 
covalent forces is intended, it is herein referred to explicitly as "attachment by covalent interactions". The term "being 
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fixed", however, is meant to designate a contacting interaction which is primarily covalent in its nature. 
[0059] In a preferred embodiment, said ferroelectric particles attach to said substrate by affinity interactions. 
[0060] In a preferred embodiment, said ferroelectric particles attach to said substrate by covalent interactions. 
[0061] The object is also solved by a method of storing information on a substrate wherein, in a device obtainable 
by a method of producing a ferroelectric memory according to the present invention, the electrical dipoles of said 
particles are directed by directing means 140. 

[0062] The object is furthermore solved by a method of storing information on a substrate wherein, in a device ob- 
tainable by a method of producing a ferroelectric memory according to the present invention, a pemnanent dipole 
moment in the ferroelectric state is created in all or at least a plurality of said particles by directing means 1 40. resulting 
in groups of particles having essentially the same permanent dipole moment. 

[0063] A "group of particles" may be an array of e.g. 1x2, 2x2, 3x3, 4x4, 2x3, 2x4, 3x4, etc. particles. 

[0064] In one embodiment said dipole nnoment in the ferroelectric state is essentially perpendicular to a surface of 

said substrate. 

[0065] In another emt>odiment said dipole moment in the ferroelectric state is essentially at an oblique angle to a 
surface of said substrate. 

[0066] It is preferred that said directing means is selected from the group comprising probes of scanning probe 
microscopes (SPM) for applying electrical pulses. 

[0067] In a preferred embodiment of the invention, said creating of said dipole moment occurs by applying electrical 
pulses to individual ferroelectric particles and/or by applying electrical pulses to groups of particles. 
[0068] In a preferred embodiment of the invention, said directing of said electrical dipoles occurs by applying electrical 
pulses to individual ferroelectric particles and/or by applying electrical pulses to groups of particles. 
[0069] It should be mentioned that the term "directing said electrical dipoles" is meant to designate, for example, an 
action by which it is determined whether an electrical dipole points "up" or "down" along its axis of orientation. "Orien- 
tating said ferroelectric particles" is meant to designate, for example, an action by which an axis of said particles is 
established along which a "directing action" of dipoles can occur. 
[0070] The object is also solved by a memory device comprising 

a substrate, and 

ferroelectric particles attached thereto, wherein the orientation of the electrical dipoles of said particles is, on av- 
erage, at least one predetermined direction with regard to a surface of said substrate. 

[0071] It is preferred that said at least one predetermined direction is an essentially perpendicular direction with 
regard to a surface of said substrate. 

[0072] It should be noted that the term "at least one predetermined direction" is meant to enclose embodiments, in 
which there are two or more, non-identical predetermined directions. 

[0073] In another embodiment said at least one predetermined direction is an oblique direction with regard to a 
surface of said substrate. "Oblique direction" in this context means that it forms an angle with said surface of said 
substrate the value x of which is taken from the range 0"* < x < 1 80**. Preferably x is taken from the range 45° < x < 135°. 
[0074] It Is preferred that said ferroelectric particles attach to said substrate in a manner that they are separated from 
each other on said substrate. 

[0075] In a preferred embodiment of the invention, said ferroelectric particles attach to said substrate by electrostatic 
interactions. 

[0076] It is preferred that said substrate exhibits charges of one electrical polarity, and wherein said ferroelectric 
particles exhibit charges of the opposite electrical polarity. 

[0077] It is preferred that said charges exhibited by said substrate are generated by application of an electrical po- 
tential and/or by adjusting a pH-value, and/or they are charged moieties appended to said substrate. 
[0078] It is preferred that said charges exhibited by said ferroelectric particles are charged moieties. 
[0079] In one embodiment said charges exhibited by said fenroelectric particles are charged moieties appended to 
said particles. 

[0080] It is preferred that said charged moieties are negative and comprise groups which can be represented by the 
general form XO- or XS", where X is covalently attached to O" or S- by one of its constituent atoms, said constituent 
atom being an atom selected from the second through sixteenth column and second through sixth row of the Periodic 
Table. Preferably XO" is selected from the group comprising phenolate and carboxylate (a C-atom being the link to O"). 
phosphate and phosphonate (a P-atom being the link to O ), sulfate and sulfonate (an S-atom being the link to 0-), 
borate (a B-atom being the link to O"). Arsenate and Arsenite (an Asatom being the link to O*). Preferably XS* is selected 
from the group comprising thiolate and dithiocarbamate (a C-atom being the link to S ), dithiophosphate and dithio- 
phosphonate (a P-atom being the link to S+). 

[0081] In one embodiment said charged moieties are positive and comprise groups which can be represented by 
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the general form C4P+ or C3S+. where C is a carbon atom having sp3 hybridisation, or by the general form CaNHb*. 

where C is a carbon atom having either sp3 or sp^ hybridisation and the sum of the coefficients a and b equals 3 in the 

case of sp3 hybridisation, or 2 in the case of sp^ hybridisation. 

[0082] In one embodiment said charged moieties are appended via silylation. 
5 [0083] It is preferred that said charged moieties are appended via complexatlon. 

"Complexation" here refers to a coordination complex formed at the surface of the particle involving one or more metal 

atoms intrinsic to the particle and the donor atoms of a ligand. 

[0084] In one embodiment said charged moieties are metal complexes. 

[0085] Preferably said charged moieties are appended to a polymer. 
10 [0086] In a preferred embodiment of the invention, said ferroelectric particles are single-domain particles. 

[0087] It is preferred that said particles are 5 - 200 nm in size, preferably, 1 0 - 1 50 nm, more preferably 20-100 nm 

in size, the size of each particle being determined by the longest dimension of said particle. 

[0088] In a preferred embodiment of the invention, said ferroelectric particles are formed by compound selected from 
the group comprising mixed oxides containing comer sharing oxygen octahedra. 
15 [0089] Preferably said ferroelectric particles are formed by compounds selected from the group comprising per< 
ovskite-type compounds. 

[0090] In a preferred embodiment said ferroelectric particles are formed by compounds selected from the group 

comprising tungsten-bronze type compounds. 

[0091] Preferably said ferroelectric particles are formed by compounds selected from the group comprising bismuth 
20 oxide layer-structured compounds. 

[0092] It is preferred that said ferroelectric particles are fomried by compounds selected from the group comprising 
lithium niobate or lithium tantalate. 

[0093] In one embodiment said ferroelectric particles are formed by compounds selected from the group formed 
which can be represented by the general form AiBr^^On, wherein 

25 

A is selected from the group comprising Li+. Na+. K+, Ca2+, Sr2+, Ba2+, La3+ (or other rare earth metal ion), Co^. 
Cd2+, Pb2+, and Bi3+. 

- B is selected from the group comprising Mg2+, 71^+. Zr*+. Hf4+. Nb5+. TaS*. W5+. Mn3+, Fe3+. Ni2+. Zn2+. AP*, Ga3+. 
Sn-**. and Sb5+. and 

30 . 1 , ni, and n are integral values such that the sum of positive valences contributed by the atoms in groups A and 
B equals 2n. 

[0094] It is preferred that said ferroelectric particles form a layer on said substrate. 
Preferably, said layer has a thickness in the range of 5- 200 nm. 

35 Preferably, said layer is a monolayer. 

The object is also solved by a use of a ferroelectric memory produced by the method of producing a ferroelectric 
memory according to the present invention, or by the use of a ferroelectric memory obtainable by the method of pro- 
ducing a ferroelectric memory according to the present invention, or by the use of a memory device according to the 
present invention for the storage of binary information, wherein, preferably, said ferroelectric memory or said memory 

40 device is used in an electronic component. 

[0095] The object is also solved by a method of storing information on a substrate which method comprises: 



providing ferroelectric particles, 
providing a substrate, 
45 - providing the substrate with receptors for said ferroelectric particles. 

providing said ferroelectric particles with ligands enabling said particles to bind to said receptors. 

allowing said ferroelectric particles to bind to said substrate, whereby said ferroelectric particles form a monolayer. 

and 

orientating the electrical dipoles of said ferroelectric particles by orientating means. 

50 

[0096] The object is also solved by a memory device comprising 
a substrate, and 

a monolayer of ferroelectric particles bound thereto. 

55 

[0097] The object is also solved by the use of a memory device manufactured by the method according to the present 
invention or of a memory device obtainable by the method according to the present invention or of a memory device 
according to the present invention, for the storage of binary information. 
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[0098] In one embodiment of the method according to the present invention, it is preferred that the binding of said 
ferroelectric particles to said substrate is governed by electrostatic interactions. 

[0099] According to a preferred embodiment, said receptors provide charges of one electrical polarity to said sub- 
strate. 

[0100] In one embodiment, it is preferred that said ligands provide charges of the opposite electrical polarity to said 
particles. 

[0101] According to one preferred embodiment, said receptors are charges generated by application of an electrical 
field and/or by adjusting a pH-value. 

[0102] It is preferred that said ligands are charged moieties affixed to silane derivatives, wherein it is especially 
preferred that said affixed moieties are selected from the group comprising 3-aminopropyl and N-{2-aminoethyl)-3-ami- 
nopropyl. 

[0103] In a preferred embodiment, said ferroelectric particles are uniformly sized. 
[0104] Preferably, said ferroelectric particles are single-domain particles. 

[0105] It is preferred that said particles have essentially cubic and/or essentially spherical morphology. 
[0106] In one embodiment said particles form plate-like crystals. 

[0107] In one embodiment said particles are 5 - 200 nm in size, preferably 10-150 nm, more preferably 20-100 
nm, this numerical value referring to either the diameter or the length of the longest edge of the particle. 
[0108] In a preferred embodiment, said particles are crystalline. 

[0109] It is also preferred that said ferroelectric particles are formed by inorganic ferroelectric compounds. 
[0110] In a preferred embodiment, said ferroelectric particles are formed by compounds selected from the group 
comprising perovskite-type compounds, barium titanate, lead circonate, wherein, more preferred, the perovskite-type 
compounds are selected from the group comprising BaTiOg. PbTiOg, PfaZr^Ti^.^Og (PZT). ABX3, 
wherein 

A is selected from the group comprising Ca2+, Ba2+, Pb2+, Sr2+, Cd2+, K+. Na+. and rare earth metals, 
B is selected from the group comprising Tr*+, Zr4+, Sn"**, Nb5+, Hf^+. Ta5+, W5+, and Ga3+. and 
X is selected from the group comprising O, F, CI, Br, and I. 

[Oil 1] In a preferred embodiment, said monolayer has a thickness in the range of 5 - 100 nm. 
[01 1 2] Preferably, said substrate is electrically conducting. 

[0113] The invention may also provide that said substrate is smooth compared to the dimensions of said particles. 
[01 1 4] In one embodiment of the method according to the present invention, said substrate is formed by a substance 
selected from the group comprising glass, surface-modified glass, glass, that has an extra layer attached to its surface, 
glass with an extra layer of fluorine-doped tin oxide (F-SnOg). 

[0115] It is preferred that said substrate forms part of an electrode in an electrical cell, said electrical cell being 
capable of adopting an open-circuit condition ("open-circuit electrical cell") or a closed-circuit condition ("closed-circuit 
electrical cell"), wherein it is preferred that said electrode is at least partially immersed in a suspension of said particles, 
and wherein it is also preferred that said electrical cell is polarised by application of an external electrical field, said 
electrical cell now being a closed-circuit electrical cell. 

[01 16] In a preferred embodiment, a pH-value of said suspension is in the range of 2 - 6 in said open-circuit electrical 
cell, and/or a pH-value of said suspension is in the range of 7 - 9 in sard closed-circuit electrical cell. 
[01 17] In a preferred embodiment, after the binding of said particles to said substrate, said monolayer is fixed to said 
substrate, wherein it is preferred that said monolayer is fixed to said substrate by means of drying and/or crossllnking 
and/or drying under vacuum . 

[01 18] In a preferred embodiment, said orientating means is selected from the group comprising probes of scanning 
probe microscopes (SPM) for applying electrical pulses. 

[0119] It is preferred that said orientating of the electrical dipoles occurs by applying electrical pulses to individual 
ferroelectric particles. 

[0120] In one embodiment of the invention, the binding of said ferroelectric particles to said substrate is governed 
by affinity interactions. 

[01 21 1 In another embodiment of the invention, the binding of said ferroelectric particles to said substrate is governed 

by covalent interactions. 

[0122] In a preferred embodiment of the memory device according to the invention, said ferroelectric particles are 
bound to said substrate by interactions of receptors on said substrate with ligands on said ferroelectric particles. 
[0123] It is preferred that said ferroelectric particles are bound to said substrate by electrostatic interactions. 
[0124] In a preferred embodiment, said receptors provide charges of one electrical polarity to said substrate, and/or 
said ligands provide charges of the opposite electrical polarity to said particles. 

[01 25] It is preferred that said receptors are charges generated by application of an electrical field and/or by adjusting 
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a pH-value. 

[0126] It is preferred, that said ligands are selected from the group comprising (3-aminopropyl)triethoxysilane and 
N-(2-aminoethyl)-3-aminopropyltrimethoxysiIane. 

[0127] In a preferred embodiment, said ferroelectric particles are uniformly sized. 
[0128] It is preferred that said ferroelectric particles are single-domain particles. 

[0129] The Invention may also provide that said particles have essentially cubic and/or essentially spherical mor- 
phology. 

[0130] In a preferred embodiment said particles are 5 - 200 nm In size, preferably 10-150 nm, more preferably 20 
- 1 00 nm, the size being determined by the longest dimension of the particle. This longest dimension can, for example, 

be the diameter or the length of the longest edge of the particle. 
[0131] In a preferred embodiment, said particles are crystalline. 

[0132] In a preferred embodiment, said ferroelectric particles are formed by inorganic ferroelectric compounds. 
[0133] It is also preferred that said ferroelectric particles are formed by compounds selected from the group com- 
prising perovskite-type compounds, potassium sodium tartrate, barium titanate, lead circonate wherein, more preferred, 
the perovskite-type compounds are selected from the group comprising BaTiOs. PbTiOs, PbZr^Ti^.jjOs (PZT), ABX3. 
wherein 

A is selected from the group comprising Ca^*, Ba^*, Pb2+, Sr2+, Cd^*, K+, Na+. and rare earth metals. 
B is selected from the group comprising Ti"*-^, Zr^+, Sn'**, Nb^*, Hf*+, Ta^*, W^, and Ga^. and 
X is selected from the group comprising O, F, CI, Br, and I. 

[0134] In a preferred embodiment, said monolayer has a thickness in the range of 5 - 1 00 nm. 
[0135] Preferably, said substrate is electrically conducting. 

[0136] The invention may also provide that said substrate is smooth compared to the dimensions of said particles. 
[01 37] In a preferred embodiment of the memory device according to the present invention, said substrate is formed 
by a substance selected from the group comprising glass, surface-modified glass, glass, that has an extra layer attached 
to its surface, glass with an extra layer of fluorine-doped tin oxide (F-Sn02). 

[0138] In a preferred embodiment of the use according to the present Invention, the memory device is used in an 
electronic component. 

[0139] "Ferroelectric particles" are particles exhibiting ferroelectric properties. The term "substrate" refers to any 
entity to which particles can attach. The term "monolayer" of substance A refers to a film comprising a single layer of 
molecules/atoms of substance A. As used herein the term "the binding of... is governed by electrostatic interactions" 
refers to a relation In which the binding is accompanied by and/or due to electrostatic interactions. The terms "receptor" 
and "ligand" refer to two entities capable of interacting with and binding to each other. They can be functional groups, 
groups with opposite electrical polarity, but also merely charges of opposite electrical polarity induced by the application 
of an electrical field or generated by other means. The term "particles are uniformly sized" means that the particles, h 
on average, have essentially the same size. The term "single-domain particles" is meant to designate the fact that such 
a particle is a single ferroelectric domain. A ferroelectric domain is an entity in which all electrical dipoles are aligned 
resulting in a net electrical polarisation. The temi "electrically conducting" refers to a capability of transporting charges, 
electrons, electron-holes, ions, etc. The term "said substrate is smooth compared to the dimensions of sard particles" 
is meant to designate a state in which the roughness of the substrate measured by the mean dimension of its peaks 
(and the enclosed valleys) is smaller than the mean dimensions of the particles. The terms "open-circuit condition" and 
"closed-circuit condition" designate an electrical circuit which is open and closed respectively. The term "said electrode 
is at least partially immersed" designates a state in which all or part of the electrode's surface is immersed. 
[01 40] The present invention uses arrays of ferroelectric particles, preferably as individually addressable, non-volatile 
memory elements. In one embodiment, the particles of choice exhibit a narrow size distribution and are highly crystalline 
(nanocrystals), single-domain ferroelectric substances. According to the present invention, one bit of information cor- 
responds to the "up"- or "down"-direction of the electrical polarization of one individual particle. Alternatively, the memory 
unit cell can be made up of small arrays (e.g. 1x2. 2x2, 3x3, 2x3, 2x4, 4x4 ...etc.) or clusters of particles instead of 
single particles. 

[0141] The present invention provides the following advantages compared to the state of the art: 

♦ It enables the miniaturization of non-volatile ferroelectric memory elements down to the 100 nm scale and below. 

♦ The memory elements are not subject to degradation via mechanisms present in polycrystalline devices because 
the ferroelectric domains are isolated from one another as individual particles. 

♦ The readout method is non-destructive. 

[0142] No state of the art memory device, based on ferroelectric or other aforementioned behaviour, provides all of 
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these features. 

[0143] Further features and advantages of the present invention will be apparent from the following description in 
connection with the drawings, wherein 

Fig. 1 illustrates a hysteresis curve typical of a ferroelectric nnaterial at a temperature below T^.; 

Fig. 2 illustrates a distorted cubic unit cell structure of a ferroelectric ABO3 perovskite (below T^); 

Fig. 3 illustrates the ferroelectric structures that are present in the two most common forms of FRAM devices, the 

FEFET (Fig. 3A) and the FECAP (Fig. 3B): 
Fig. 4 illustrates a method of surface nrradification of cubic shaped BaTi03 particles using the silylating agent 

N-(2-aminoethyl)-3-aminopropyltrimethoxysilane; 
Fig. 5 illustrates a method for depositing a monoparticulate layer of BaVO^ particles on a TEC glass electrode; and 
Fig. 6 illustrates a method for binary infonnation storage in individual ferroelectric particles. 

[0144] Fig. 1 illustrates a hysteresis curve typical of a ferroelectric material at a temperature below T^. The dashed 
curve represents the polarization of the material when it Is first produced, and the solid curve represents the hysteresis 
loop obtained after an applied electrical field exceeding the coercive field has pemnanently polarized the material. 
[0145] Fig. 2 illustrates the distorted cubic unit cell structure of a ferroelectric ABO3 perovskite (below T^,). The 6^+ 
ion can occupy positions slightly above or below the plane defined by O^- ions. Two of the six possible polarization (P) 
orientations are indicated. These six orientations are degenerated in the absence of an external electrical field. In the 
distorted tetragonal unit cell, the 8^+ ion has two stable positions, either above or below the oxide-ion plane. In either 
position, the B^^^ ion is not coincident with the negative charge center of the O^- ions by a small fraction (ca. 0. 1 ) of the 
Angstrom, thus creating an electrical dipole. This electrical dipole spontaneously aligns with those in adjacent unit 
cells, resulting in the formation of a micro-structural entity known as a ferroelectric domain and yielding a net electrical 
polarization over many unit cell dimensions. The energy bamer between the two possible positions for the B** ion is 
sufficiently low to permit motion of the ion between sites by the coercion of an electrical field, and the material can thus 
be directionally polarized with ease. The direction of the electrical dipole remains until an opposite electrical field is 
applied. Ionic displacements typically respond to electrical field reversals up to frequencies of about 10^3 Hz. 
[0146] Barium titanate (BaTi03) is a suitable ferroelectric material in multilayer capacitors. Its Curie temperature T^ 
is 120° and saturation polarization P^ is 0.26 C m-2 at 23°C. Partial substitutions for Ba2+ (such as Sr2+, Ca2-»-, Pb2+, 
and Cd2+) or 71^+ (such as Zr4+, Sn^^-, and Hf4+) are used to modify the dielectric behavior and temperature dependence 
of BaTi03. Undoped Ba-TiOg is a p-type semiconductor with an optical band gap of 3.2 eV. 

[01 47] Fig. 3 illustrates the ferroelectric structures that are present in the two most common fomns of FRAM devices, 
the FEFET (3A) and the FECAP {3B). Both structures contain polycrystalline ferroelectric materials. 
[0148] The FEFET is a classical MOS transistor with source 60, gate 70, drain 90 and an Si-substrate 1 00, with the 
SiOg gate dielectric replaced by a thin film ferroelectric 80. In this case, the remanent polarization of the ferroelectric 
controls the channel conductivity. As such, the effective threshold voltage of the field-effect transistor depends on the 
direction of polarization. Hence, information readout is possible by determining the current level flowing through the 
device at constant gate voltage. This readout mechanism is non-destructive. 

[01 49] In the other type of FRAM cell, a FECAP Is substituted for the conventional silicon dioxide capacitor in dynamic 
random access memory (DRAM) devices. 

[01 50] The FECAP typically consists of two electrodes 11 0 and 1 20 in parallel to the substrate, with the ferroelectric 
material 130 sandwiched in between. In this case, polarization of the ferroelectric gives rise to compensating charges 
in the electrodes, and a change In polarization due to switching results in a change in the electrode charge. Hence, 
the information content is probed by applying a voltage over the FECAP and measuring the displacement current as 
a voltage drop over a current-Integrating bit-line capacitor. This voltage is then compared to a reference voltage cor- 
responding to that of a non-switching FECAP. One problem with this type of FRAM cell is the fact that the readout 
mechanism destroys the original information content, so that the device has to be re-programmed. 
[01 51 ] Fig. 4 illustrates a method of surface modification of cubic shaped BaTiOg monoparticles 1 0 using the silylating 
agent N-(2-aminoethyl)-3-aminopropyltrimethoxysilane according to the present invention. This reagent condenses 
with -OH groups present on the particle surface to introduce positively charged -NH2+ and -NH3+ groups. 
[0152] Fig. 5 illustrates a method for depositing a monoparticulate layer of BaTlOg particles on a TEC glass electrode 
according to the present Invention. The substrate 30 has an additional layer 32 of F-SnOg on it. The BaTiOg particles 
in suspension have been surface modified with N-(2-aminoethyl)-3-aminopropyltrimethoxysilane as Illustrated in Fig. 
4. The opposite electrode 34 has a metal film 36 on it. Charges on the particles are omitted for simplicity. In figure 5A 
there is an open circuit and acidic pH, and the particles are dispersed and randomly oriented in the solution phase 
between the two electrodes. Both the particles and the F-SnOg layer are positively charged. In figure 5B there is a 
closed circuit and neutral pH. and the particles are adsoribed to the TEC glass electrode and oriented with their polar- 
ization dipoles pointed in the direction of the electrical field. The particles are positively charged and the F-SnOa layer 
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is negatively charged. Gaps between the particles and between the particles and the F-Sn02 layer contain the N-(2-ami- 
noethyl)-3-aminopropyltrimethoxysilane groups. indicates a positive charge, a negative charge. 
[0153] In more detail, figures 4 and 5 illustrate a preferred method for preparing a monolayer of barium titanate 
particles oriented with their crystal axis perpendicular to the substrate according to the present invention. The particles 

5 which have a cubic morphology and are 20-70 nm in size, are commercially available [Advanced Powder Technology 
Pty Ltd, Nedlands, Western Australia (http://www.apt-powders.com).l. First, the particles are reacted with the silylating 
reagent N-(2-aminoethyl)-3-aminopropyltrimethoxysilane. This reaction essentially gives the particles positively 
charged organic (sub-monolayer) coatings by converting some of the hydroxy! (-OH) groups on the surface into sec- 
ondary and primary ammonium (-NHg* and - NH3+) groups (Figure 4). Next, an electrical field is used to orient the 

10 particles while they are depositing onto a TEC (transparent electrical conducting) glass substrate (Figure 5). The TEC 
glass is electrically conducting by virtue of a thin layer of fluorine-doped tin dioxide (F-Sn02). Initially, an acidic (pH = 
3-4) suspension of the particles is placed between the electrodes under open circuit conditions (Figure 5A). No ad- 
sorption occurs under these conditions because the surfaces of both the particles and the TEC glass (F-Sn02) are 
positively charged at acidic pH. The circuit is then closed to create an electrical field between the electrodes, while the 

15 suspension is neutralized to pH = 7-8 by the addition of base. Adsorption occurs under these conditions because the 
particles are positively charged but the TEC glass (F-Sn02) is negatively charged at neutral pH, especially when po- 
larized negatively by the applied potential. The electrical field causes the particles to be oriented in the direction of the 
field during the adsorption process (Figure 5B). Due to electrostatic attraction, the particles remain adsorbed to the 
TEC glass substrate after the electrical field is removed. The adsorbed layer can be chemically cross-linked afterwards 

20 to stabilize it towards thermally induced randomization of orientation. This method is applicable to any particle shape, 
including spherical. 

[0154] Fig. 6 illustrates a preferred method for binary information storage in individual ferroelectric particles. Each 
particle contains a single fenroelectric crystalline domain. The particles are adsorbed onto a conductive substrate and 
individually addressed with directing rheans 140, here a conductive tip of a scanning probe microscope (SPM) tip 1 40, » 

25 attached to an electrical pulse generator 1 50. Negative or positive electrical pulses are applied to the particles via the i 
SPM tip and polarize the particles in either the "up" or "down" direction, respectively, of their electrical dipoles 20, 20'. 
The figure Illustrates a preferred method of writing binary information by applying electrical pulses to individual ferro- 
electric particles using a conductive SPM tip. A dashed arrow indicates the direction of movement of the tip. The . 
particles exist as a monolayer or sub-monolayer on a conducting substrate, prepared by a method such as that de-- - 

30 scribed In Figure 5. Each particle is addressable by movement of the SPM tip. The electrical field strength of the applied 
pulse is equal to or greater than the coercive field. E^.. The polarity of the applied electric field determines whether the 
resultant polarity of the permanent dipole In the particle is either up or down, representing either "0" or "1 " in binary 
language. 

[0155] It should be noted that the methods illustrated in Figures 4, 5, and 6 are exemplary only, and the present 
35 invention should not be limited to these particular examples. The present Invention enables the construction and de- 
velopment of memory devices down to the 1 00 nm scale and below allowing for the further miniaturization of electronlc>. 
components. 

[0156] The fifteen following examples provide details for particle modification and deposition on the substrate, but 
the invention is by no means intended to be limited with respect to composition, form or method described. 

40 

Surface-modified particles 

[0157] Example 1 . BaTlOg powder (1 g) is suspended in toluene (20 ml) and N-(2-amlnoethyl)-3-aminopropyltrimeth- 
oxysilane (AEAPS) (0.1 g) is added. The mixture is heated at 80 - 100°C for 4 hours, then cooled to room temperature 
45 and centrifuged. After removing the supematant liquid, the precipitate is washed twice by re-suspending it in toluene 
(10 ml) and centrtfuging, washed once the same way with ethanol (10 ml), and then dried under vacuum at 80°C. The 
dried powder is suspended in aqueous 0.001 M HCI (20 ml) and treated ultrasonically until completely dispersed. If 
complete dispersion is not achieved, the non-dispersed material is removed by centrifugation. 

[0158] Example 2. A portion of the aqueous dispersion from Example 1 (10 ml) Is mixed with bromoacetic acid (0.5 
50 g) until the latter Is dissolved. Then a 1 M solution of sodium carbonate in water (1 0 ml) is added. The resultant mixture 
is heated at 80 - 100°C for 2 hours, then cooled to room temperature and centrifuged. After removing the supernatant 
llqud, the precipitate is washed twice by re-suspending it in water (5 ml) and centrifuging. The washed precipitate is 
re-suspended in water (10 ml) and treated ultrasonically until completely dispersed. If complete dispersion is not 
achieved, the non-dispersed material is removed by centrifugation. 
55 [0159] Example 3. BaTiOg powder (1 g) is suspended in iso-propanol (20 ml) and 5-sulfosalicylic acid (SSA) (0.1 g) 
is added. The mixture is heated at 70 - 80**C for 2 hours, then cooled to room temperature and centrifuged. After 
removing the supernatant liquid, the precipitate is washed twice by re-suspending it in iso-propanol (10 ml) and cen- 
trifuging. It is then dried under vacuum at 80°C. The dried powder is suspended in aqueous 0.001 M NaOH (20 ml) 
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and treated ultrasonically until completely dispersed. If complete dispersion is not achieved, the non-dispersed material 
is removed by centrifugation. 

[0160] This is an example of "complexation" as referred to in claim 1 3. Here, the ligand is 5-sulfosallcyclic acid, which 
binds to titanium atoms on the surface of barium titanate particles. As indicated in the structure below, the de-protonated 
form of this molecule can bind to a titanium atom through its carboxylate and phenolate oxygen atoms so that the 
negatively charged sulfonate group is directed away from the surface of the particle. 




[0161] Example 4. A 0.1 M solution of cupric chloride in water (10 ml) is stirred while the aqueous dispersion from 
Example 1 is slowly added until the colour change from sky blue to dark blue is no longer observed. 
[0162] Example 5. A 0.1 M solution of cupric chloride in water (10 ml) is stirred while the aqueous dispersion from 
Example 2 is slowly added until the colour change from sky blue to turquoise blue is no longer observed. 
[0163] Examples 4 and 5 are supposed to illustrate claim 14. The charged moieties in these examples are copper 
(cupric, Cu2+) ion complexes. The cupric ion tends to have fourcoordinate (tetrahedral) coordination geometry. In Ex- 
ample 4, the four donor atoms may be the N-atoms present in two N-(2-aminoethyl)-3-aminopropyl groups. In Example 
5, the four donor atoms may be the two N-atoms and two of the cartK)xylate O-atonns present after modification with 
bromoacetic acid (Example 2): The structures are indicated below. 




[0164] Example 6. BaTiOg powder (1 g ) is suspended in iso-propanol (20 ml) and poly(acrylic acid) (PAA) (0.1 g) is 
added. The mixture is heated at 70 - 80*^0 for 2 hours, then cooled to room temperature and centrifuged. After removing 
the supernatant liquid, the precipitate is washed twice by re-suspending it in iso-propanol (10 ml) and centrifuging. It 
is then dried under vacuum at 80°C. The dried powder is suspended in aqueous 0.001 M NaOH (20 ml) and treated 
ultrasonically until completely dispersed. If complete dispersion is not achieved, the non-dispersed material is removed 
by centrifugation. 

Surface modified substrates 

[0165] Example 7. A sheet of transparent electrically conducting glass with F-doped SnOg as conducting layer 
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(F-Sn02-glass (ca. 10 cm2) is Immersed into a solution of AEAPS (0.1 g) in toluene (20 ml). The solution is heated to 
80 - 100°C for 1 hour. After removing the substrate, it is washed with toluene and then with ethanol, then kept under 
vacuum at 80°C for 2 hours. 

[0166] Example 8. A sheet of F-SnOg-glass (ca. 1 0 cm^) is immersed into a solution of (3-glycidoxypropyl)-trtmeth- 
5 oxysilane (GPS) (0.1 g) in toluene (20 ml). The solution is heated to 80 - 100°C for 1 hour. After removing the substrate, 
it is washed with toluene and then with ethanol. then kept under vacuum at 80pC for 2 hours. 
[0167] Example 9. An evaporated film of carbon on glass (C-glass) (ca. 1 0 crr^) is treated in a plasma cleaner with 
O2 plasma until the surface of the film becomes hydrophilic (wetted by water). 

10 Electrostatic deposition of particles 

[0168] Example 1 0. F-Sn02-glass (ca. 1 0 cm2) Is placed into an aqueous dispersion of the AEAPS-treated particles 
from Example 1 (2 ml diluted with 20 ml water). The dispersion is stirred while aqueous 0.001 M NaOH solution is 
added gradually until the pH reaches ca. 7.5. The glass is removed after 1 hour and dried under vacuum at 80°C for 
IS 2 hours. 

[01 69] Example 11. AEAPS-treated F-SnOg-glass from Example 8 (ca. 1 0 cm^) is placed into an aqueous dispersion 
of the SSA>treated particles from Example 3 (2 ml diluted with 20 ml water). The dispersion is stirred while aqueous 
0.001 M HCi solution is added gradually until the pH reaches ca. 5. The glass is removed after 1 hour and dried under 
vacuum at 80°C for 2 hours. 

20 

Eiectrophoretic deposition of particles 

[0170] Example 12 . A portion of the aqueous dispersion of AEAPS-treated particles from Example 1 (2 ml) is diluted 
with water (20 ml) and placed in an open-circuit cell with co-planar ca. 10 cm^ electrodes separated by a distance of. - 

25 1 cm. F-Sn02-glass is used as the cathode substrate and a C-glass is used as the anode. A conventional dc power - 
supply is used to generate the applied voltage. The particles are deposited onto the F-Sn02-glass by applying a voltage , 
of 1 V. After deposition is complete (ca. 1 minute) the substrate is removed while the electrodes are still polarised. The 
polarisation is then switched off and the substrate is disconnected and dried under vacuum at 80° C for 2 hours. Alter- 
natively, aqueous 0.001 M NaOH is added to the dispersion gradually (with stirring) until the pH reaches ca. 7,5 before - 

30 withdrawing the cathode. 

[0171] Example 13. The same procedure as in Example 12 is performed with the GPS-treated F-Sn02-glass from 
Example 8 instead of untreated F-SnOg-glass as the cathode substrate. 

[0172] Example 14. A portion of the aqueous dispersion of PAA-treated particles from Example 6 (2 ml) is diluted 
with water (20 ml) and placed in an open-circuit cell with co-planar ca. 1 0 cm^ electrodes separated by a distance of 
35 1 cm. C-glass is used as the anode substrate and F-Sn02-gIass is used as the cathode. The particles are deposited 
onto the C-glass by applying a dc voltage of 1 V. After deposition is complete (ca. 1 minute) the substrate is removed 
while the electrodes are still polarised. The polarisation is then switched off and the substrate is disconnected and 
dried under vacuum at 80''C for 2 hours. 

[0173] Example 1 5. The same procedure as in Example 14 is performed with the plasma-treated C-glass from Ex- 
40 ample 9 instead of untreated C-glass as the cathode substrate. 

[01 74] The features of the present invention disclosed in the specification, the claims and/or the drawings, may both 
separately and in any combination thereof, be material for realising the invention in various fonns thereof. 



45 Claims 

1. A method of producing a ferroelectric memory which method comprises: 

a) providing ferroelectric particles [10, 10'], 
50 b) providing a substrate [30], 

c) orientating at least a subset of said ferroelectric particles such that there is an axis of said particles along 
which axis a dipole moment may be directed in the ferroelectric state, said axis having an orientation the 
average of which is in at least one predetermined direction with regard to a surface of said substrate, 

d) allowing said ferroelectric particles to attach to said substrate. 

55 

2. A method according to claim 1 , wherein said at least one predetermined direction is essentially perpendicular to 
a surface of said substrate. 
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3. A method according to claim 1 wherein said at least one predetennined direction is at an oblique angle to a surface 
of said substrate. 

4. A method according to any of claims 1 - 3 wherein said ferroelectric particles attach to said substrate in a manner 
that they are separated from each other on said substrate. 

5. A method according to any of claims 1 - 4. wherein said ferroelectric particles attach to said substrate by electro- 
static interactions. 

6. A method according to any of claims 1 - 5, wherein said orientating occurs by electrostatic interactions. 

7. A method according to any of claims 1 - 6, wherein said substrate exhibits charges of one electrical polarity, and 
wherein said ferroelectric particles exhibit charges of the opposite electrical polarity. 

8. A method according to claim 7 wherein said charges exhibited by said substrate are generated by application of 
an electrical potential and optionally by adjusting a pH-value. and/or they are charged moieties appended to said 
substrate. 

9. A method according to claim 8. wherein said charges exhibited by said ferroelectric particles are charged moieties 
appended to said particles. 

10. A method according to any of claims 8-9, wherein said charged moieties are negative and comprise groups which 
can be represented by the general form XO or XS-. where X is covalently attached to O or S* by one of its 
constituent atoms, said constituent atom being an atom selected from the second through sixteenth column and 
second through sixth row of the Periodic Table. 

11. A method according to any of claims 8-9, wherein said charged moieties are positive and comprise groups which 
can be represented by the general form C4P+ or C3S+, where C is a carbon atom having sp^ hybridisation, or by 
the general form CaNHu*, where C is a carbon atom having either sp3 or sp2 hybridisation and the sum of the 
coefficients a and b equals 3 in the case of sp3 hybridisation, or 2 in the case of sp? hybridisation. 

12. A method according to any of claims 8 - 11 , wherein said charged moieties are appended via silylation. 

13. A method according to any of claims 8 - 11 , wherein said charged moieties are appended via complexation. 

14. A method according to any of claims 8-13, wherein said charged moieties are metal complexes. 

15. A method according to any of claims 8-14, wherein said charged moieties are appended to a polymer 

16. A method according to any of the foregoing claims wherein said ferroelectric particles are single-domain particles. 

17. A method according to any of the foregoing claims, wherein said particles are 5 - 200 nm in size. 

18. A method according to any of the foregoing claims wherein said ferroelectric particles are formed by compounds 
selected from the group comprising mixed oxides containing corner sharing oxygen octahedra. 

19. A method according to any of the foregoing claims wherein said ferroelectric particles are formed by compounds 
selected from the group comprising perovskite-type compounds. 

20. A method according to any of the foregoing claims wherein said ferroelectric particles are formed by compounds 
selected from the group comprising tungsten-bronze type compounds. 

21. A method according to any of the foregoing claims wherein said ferroelectric particles are formed by compounds 
selected from the group comprising bismuth oxide layer-structured compounds. 

22. A method according to any of the foregoing claims wherein said ferroelectric particles are formed by compounds 
selected from the group comprising lithium niobate or lithium tantalate. 
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23. A method according to any of the foregoing claims wherein said ferroelectric particles are formed by compounds 
selected from the group which can be represented by the general form AjB^pOn, wherein 

A is selected from the group comprising Li-^, Na+, K+, Ca2+, Sr2+, Ba2+, La^ (or other rare earth metal ion), 
Co3+, Cd2+, Pb2+, and Bi3+. 

- B Is selected from the group comprising Mg2+, T14+, 2r^+. Hf^+, Nb5+, Ta5+, W5+, Mn3+, Fe^*. Ni2+. Zn2+, AP*. 
Ga3+. Sn4+, and Sb5+, and 

I, m, and n are integral values such that the sum of positive valences contributed by the atoms in groups A 
and B equals 2n. 

24. A method according to any of the foregoing claims, wherein said ferroelectric particles form a layer on said sub- 
strate. 

25. A method according to any of the foregoing claims, wherein said layer has a thickness in the range of 5 - 200 nm. 

26. A method according to any of the foregoing claims, wherein said layer is a monolayer. 

27. A method according to any of the foregoing claims, wherein said substrate forms part of an electrode, said electrode 
being at least partially immersed in a suspension of said particles. 

28. A method according claim 27, wherein said electrode forms part of an electrical cell, an electrical field being created 
in said electrical cell, said electrical field causing said substrate to exhibit charges of one polarity. 

29. A method according to any of claims 27 - 28, wherein an adjustment of a pH-value of said suspension is used to. 
cause said substrate to exhibit charges of one polarity. 

30. A method method according to any of claims 27 - 29, wherein an adjustment of a pH-value of said suspension is • 
used to cause said particles to exhibit charges of one polarity. 

31. A method according to any of claims 29 - 30, wherein said pH-value of said suspension is adjusted to the range 
of 7- 9. 

32. A method according to any of the foregoing claims, wherein, after attachment of said particles to said substrate, 
said particles are fixed to said substrate. 

33. A method according to claim 32, wherein said particles are fixed to said substrate by means of drying and/or 
crosslinking and/or drying under vacuum. 

34. A method according to any of claims 1 - 4, wherein said ferroelectric particles attach to said substrate by affinity 
interactions. 

35. A method according to any of claims 1-4, wherein said ferroelectric particles attach to said substrate by covalent 
interactions. 

36. A method of storing information on a substrate wherein, in a device obtainable by a method according to any of 
claims 1 - 35, a permanent dipole moment in the ferroelectric state is created in all or at least a plurality of said 
particles by directing means [140], resulting in groups of particles having essentially the same pemrianent dipole 
moment. 

37. A method according to claim 36, wherein said dipole moment in the ferroelectric state is essentially perpendicular 
to a surface of said substrate. 

38. A method according to claim 36, wherein said dipole moment in the ferroelectric state is at an oblique angle to a 
surface of said substrate. 

39. A method according to any of claims 36 - 38 wherein said directing means is selected from the group comprising 
probes of scanning probe microscopes. 
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40. A method according to any of claims 36 - 39, wherein said creating of said dipole moment occurs by applying 
electrical pulses to individual ferroelectric particles and/or by applying electrical pulses to groups of particles. 

41. A memory device comprising 

a substrate, and 

ferroelectric particles attached thereto, wherein the orientation of the electrical dipoles of said particles is. on 
average, in at least one predetermined direction with regard to a surface of said substrate. 

42. A mennory device according to claim 41 , wherein said at least one predetermined direction is an essentially per- 
pendicular direction with regard to a surface of said substrate. 

43. A memory device according to claim 41 wherein said at least one predetemriined direction is an oblique direction 
with regard to a surface of said substrate. 

44. A memory device according to any of claims 41 - 43. wherein said ferroelectric particles are attached to said 
substrate in a manner that they are separated from each other on said substrate. 

45. A memory device according to any of clainns 41 - 44, wherein said ferroelectric particles are attached to said 
substrate by electrostatic interactions. 

46. A memory device according to any of claims 41 - 45, wherein said substrate exhibits charges of one electrical 
polarity, and wherein said ferroelectric particles exhibit charges of the opposite electrical polarity. 

47. A memory device according to any of clainns 41 - 46, wherein said charges exhibited by said substrate are generated 
according to claim 8. 

48. A memory device according to any of claims 41 - 47, wherein said charges exhibited by said ferroelectric particles 
are charged moieties according to any of claims 9-15. 

49. A memory device according to any of claims 41 - 48, wherein said ferroelectric particles are single-domain particles. 

50. A memory device according to any of claims 41 - 49. wherein said ferroelectric particles are 5 - 200 nm in size. 

51. A memory device according to any of claims 41 - 50, wherein sard ferroelectric particles are formed by compounds 
according to any of claims 1 8 - 23. 

52. A memory device according to any of claims 41 - 51 , wherein said ferroelectric particles form a layer on said 
substrate. 

53. A memory device according to any of claims 41 - 52, wherein said layer has a thickness in the range of 5- 200 nm. 

54. A memory device according to any of claims 41 - 53, wherein said layer is a monolayer. 

55. Use of a ferroelectric memory produced by the method of any of claims 1 - 40 or of a ferroelectric memory obtainable 
by the method of any of claims 1 - 40 or of a memory device of any of claims 41 - 54, for the storage of binary 
information. 

56. Use according to claim 55, in an electronic component. 
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